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Mask waste

ABSTRACT: Over the past years, disposable masks have been produced in
unprecedented amounts due to the COVID-19 pandemic. Their increased use
imposes significant strain on current waste management practices including
landfilling and incineration. This results in large volumes of discarded masks
entering the environment as pollutants, and alternative methods of waste
management are required to mitigate the negative effects of mask pollution.
While current recycling methods can supplement conventional waste manage-
ment, the necessary processes result in a product with downgraded material
properties and a loss of value. This work introduces a simple method to upcycle
mask waste into multifunctional carbon fibers through simple steps of thermal
stabilization and pyrolysis. The pre-existed fibrous structure of polypropylene
masks can be directly converted into carbonaceous structures with high degrees
of carbon yield, that are inherently sulfur-doped, and porous in nature. The mask-
derived carbon product demonstrates potential use in multiple applications such
as for Joule heating, oil adsorption, and the removal of organic pollutants from aqueous environments. We believe that this process
can provide a useful alternative to conventional waste management by converting mask waste generated during the COVID-19
pandemic into a product with enhanced value.
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1. INTRODUCTION

Plastic waste is an increasing global concern, which has the
generation rate that is projected to triple by the year 2060."
Current plastic waste management practices involve multiple
steps of collecting, sorting, washing, and recycling. Strained by
the lack of efficient solutions and current mechanical recycling
volumes, it becomes more likely that these wastes can escape
into the environment where they slowly erode into micro-
plastics over time. As a type of severe environmental threat,
microplastics are known to concentrate pollutants, and the
consumption of microplastics by animals can result in their
entry, along with the concentrated pollutants, into the
ecosystems, directly harming the human population." Partic-
ularly, responses to the COVID-19 pandemic further
intensified this issue, leading to massive increases in the
production and use of personal protective equipment.”™> As
these materials are typically designed for single use, their
extensive consumption has largely exacerbated the global
plastic waste issue, posing a significant strain on conventional
waste management practices (i.e., landfilling and inciner-
ation).® According to National Geographic magazine, greater
than 3 billion masks have been discarded daily during 2020,
and this elevated rate will likely remain throughout the
following years in response to various respiratory diseases.” In
general, these disposable facial masks are produced from
polypropylene (PP), and a significant amount of them is now
simply leaked into the environment where they can directly
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threaten the wildlife and ecosystems that are present.
Undoubtedly, effective solutions are required to address the
global challenge of mask recycling and/or upcycling toward the
development of a sustainable environment and society.

Over the past years, many types of technologies have been
demonstrated for recycling the raw materials of disposable
masks (i.e., plastics) to extend their associated lifetime. For
example, post-cleaning and/or post-functionalization of used
masks can be performed to improve their performance,
allowing their efficient reuse for at least several days.””'’
Specifically, many methods of decontamination or sterilization
have been previously reported,'”"" including the use of y and
electron beam irradiation.'”"? Additionally, Menon et al.
demonstrated that post-functionalization of PP masks can
result in effective sterilization through the use of zinc
porphyrin photosensitizers for enhancing the ability of the
masks to protect against influenza pathogens.'* Alternatively,
masks can be collected and recycled through several processing
steps, such as granulation and pelletization. While such

Received: February 3, 2022
Accepted: March 22, 2022
Published: March 29, 2022

https://doi.org/10.1021/acsomega.2c00711
ACS Omega 2022, 7, 12278-12287


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Robertson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Gu%CC%88illen+Obando"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Emery"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Qiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00711&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00711?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00711?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00711?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00711?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00711?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

mechanical recycling methods have been established in
industry, they often result in downgraded material properties
and a less valuable product due to increased yellowness and
reduced melt viscosity from possible chain scission under high
shear.">'® As an example, Frache et al. reported the mechanical
recycling of PP-derived surgical masks using twin-screw
extrusion to compound comingled mask waste and form
pellets.'” These pellets can then be used to manufacture new
products through subsequent processing steps. While parts
could be processed from the recycled materials, they exhibited
diminished mechanical properties in comparison to virgin PP.
Specifically, recycled parts exhibited similar moduli but
decreased elongation at break in tensile experiments. Although
it is challenging, establishing a robust and scalable technology
to upcycle PP masks, converting them to higher-value
products, can not only complement existing recycling methods
for addressing a massive amount of plastic waste but may also
stimulate interests of broader communities to improve the
corresponding infrastructures for waste management.

In the early 1970s, Horikiri et al. and Postema et al.
pioneered the concept of using polyolefins [e.g., polyethylene
(PE)] for carbon fiber fabrication.'™'? However, compared to
polyacrylonitrile (PAN),**>* pitch-based chemicals,””~>* and
lignin,”>*” the efficacy of polyolefins as carbon precursors is
still underexplored, evidenced by a relativelg limited number of
reports regarding PE-derived carbons.”*™*" It is important to
note that efficient transformation of polyolefins into carbona-
ceous products requires the development of a process for
thermally stabilizing the polyolefin chains through crosslinking
prior to carbonization. Currently, the most successful
stabilization/crosslinking of PE at large scales is achieved
through directly soaking them in sulfuric acid at elevated
temperatures to aromatize the polymer backbones. Younker et
al. elucidated pyrolysis pathways of sulfonated PE through the
combined use of experimental techniques [e.g.,, thermogravi-
metric analysis (TGA)] and computational approaches (e.g.,
density functional theory and transition state theory).”’ They
also found that two synergistic mechanisms, including five-
centered internal elimination and radical chain reactions, are
involved for detaching SO;H groups to provide reaction sites
for crosslinking. While, to date, PAN is still the most common
carbon precursor in carbon fiber production, it is significantly
more expensive in comparison to polyolefins which are the
most widely used commodity plastic, representing over 55% of
total plastic production.’” Therefore, manufacturing carbon
fibers from polyolefin precursors could potentially reduce
production and material costs, encouraging their broad use in
more diverse applications, especially when cost-effective
manufacturing is strongly preferred. This approach has been
investigated in recent years for applications such as the
continuous production of PE-derived carbon fibers. For
example, Barton et al. performed a comprehensive study
using aliphatic hydrocarbons and multiple commercially
available polyolefin resins as model precursors with both
concentrated and fuming sulfuric acid to elucidate the chemical
transformation during the sulfonation and carbonization
processes.”” This work informed several subsequent studies
associated with producing PE-derived carbon fibers from
continuous processes and comparing their performance to
conventional PAN- and pitch-derived carbon fibers.”*** It was
found that PAN-based fibers have higher moduli than those
produced from the sulfonation of PE due to their improved
degree of crosslinking. However, one report also suggested that

PE-derived carbon fibers may be able to achieve higher moduli
than PAN-derived counterparts if the precursor chains can be
aligned prior to the crosslinking step.””

Capitalizing on these efforts, several research groups also
extended this sulfuric acid-crosslinking strategy to upcycle PE
and PP waste to carbon-based materials.>® In 2018, Pol et al.
demonstrated the successful use of waste PE plastic bags for
fabricatinég carbon products through a thermal stabilization
process.”® The resulting carbons were inherently porous with a
relatively high surface area of 752.3 m”/g, which can be used as
anodes in lithium-ion batteries. This study also shows that
both PE and PP waste can yield amorphous carbons with
approximately 50% conversion rate. More recently, researchers
have studied the use of the sulfonation crosslinking process to
convert PP fibers from facial masks into carbonaceous
materials. Hu and Lin demonstrated the synthesis of hollow
carbon fibers for solid-state capacitors, which was combined
with a KOH activation step to enable microporous
structures.”” Lee et al. characterized the sulfonation process
and elucidated the chemical transformation mechanisms for
converting linear PP chains to their crosslinked analogues.”
While these inspiring works show the great potential of
chemical upcycling of plastic waste to functional carbons for
practical applications, their scope was primarily focused on
energy storage applications. To fully unlock the potential of
mask waste, more diverse applications should be developed,
especially leveraging the already existing, well-defined fiber
structures of disposable masks for manufacturing carbon
products with improved functionality.

Herein, we report the use of sulfonation chemistry to
thermally stabilize PP-based surgical masks and their
conversion into carbon nanofibers without deconstruction of
their defined structures. The resulting products exhibit a
greater than 50% carbon yield, while retaining both the
microscopic fibrous structures and macroscopic shape and size.
A suite of characterization techniques have been employed to
understand the nanostructures and properties of these mask-
derived carbon fibers. Furthermore, we demonstrate their
potential use in several practical applications, including oil
sorbents, nanofillers for imparting electrical conductivity, and
Joule heating behaviors of composites, as well as materials for
the removal of organic contaminants from water. We believe
that this work provides important and timely insights into an
efficient method for upcycling mask waste, demonstrating their
versatile performance and providing a potential solution to the
global challenge of addressing massive facial mask waste
generated in response to the pandemic.

2. EXPERIMENTAL SECTION

2.1. Materials. 98 wt % sulfuric acid was purchased from
Sigma-Aldrich. PP-based surgical masks were purchased from
Asia Masks Inc. and used throughout this study. Deionized
(DI) water was obtained by passing tap water through a Milli-
Q IQ 7003 ultrapure lab water purification system from
Millipore Sigma. Potassium hydroxide (KOH) was purchased
from Fisher Scientific. Powder-activated carbons (PACs) used
in this study were purchased from American Water Solutions
with a surface area of 712 m*/g.

2.2. Methods for Converting Masks to Carbon Fibers.
Surgical masks were cut to remove the elastic bands and metal
nosepiece. The resulting fabric was separated into three
constituent layers, including nonwoven fabrics (two outer
layers) and a melt-spun mat (inner layer). In this study, only
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outer layers were employed for producing carbon fibers, which
were cut into sections with a typical size of 8 cm by 5 cm.
These mask parts (~1 g in total) were then transferred into
glass containers containing 25 mL of concentrated sulfuric acid
(98 wt %). In this step, a glass slide was placed on top of the
masks to keep the mask completely submerged in sulfuric acid
throughout the reactions. The containers were then placed in a
Thermo Scientific muffle furnace and heated to 155 °C
(temperature ramp: 1 °C/min) for various amounts of time.
Upon sulfonation, samples were removed from the mufile
furnace and cooled down to room temperature. To wash these
samples, sulfuric acid is first removed from the glass containers.
Subsequently, the mask pieces were carefully placed in a quartz
funnel, where it is washed at least three times with DI water in
order to completely remove the residue acid. Neutralization
was confirmed by pH papers. Samples were then dried by
placing on a glass Petri dish in a vacuum oven for overnight.
Carbonization of the sulfonated masks was performed using an
MTI Corporation OTF-1200X tube furnace under a N,
atmosphere at a rate of 1 °C/min to 600 °C and thereafter
S °C/min to 800 °C or higher. The holding time for
carbonization temperatures is 3 h. The activation process was
performed by physically grinding the previously produced
carbon fiber product with potassium hydroxide (KOH) at a
1:2 mass ratio. After activation at 700 °C with a ramp rate of 1
°C/min for 1 h, the product was washed with DI water,
centrifuged, and then dried. This process was repeated six
times.

2.3. Characterization Methods. A PerkinElmer frontier
attenuated total reflection Fourier transform infrared (FTIR)
spectrometer was used to understand the changes in chemical
compositions of sulfonated mask samples as a function of time.
The scan range was 4000—600 cm™' with 32 scans and a
resolution of 4 cm™'. TGA was conducted using a Discovery
Series TGA 550 (TA Instruments) to understand the mass loss
of polymer precursors as a function of pyrolysis temperature.
Sulfonated samples, approximately 10—20 mg in mass, were
pyrolyzed under a N, environment, replicating the carbon-
ization procedure used in the tube furnace. Differential
scanning calorimetry (DSC) was performed using a Discovery
250 (TA Instruments). An initial heating cycle to 200 °C with
a ramp rate of 10 °C/min was used to erase thermal history.
The sample was cooled to —90 °C at a rate of S °C/min and
then heated to 200 °C at 10 °C/min. Data analysis was
performed using Trios software. A Zeiss Ultra 60 field-emission
scanning electron microscope was used to understand the
morphological changes of the fiber structure both after
sulfonation at different periods of time and after the
carbonization process with an accelerating voltage of 10 kV.
During these measurements, energy-dispersive X-ray spectros-
copy (EDS) was coupled for determining the content of
different elements within the materials after sulfonation and
carbonization, respectively. Additionally, fiber diameters were
determined and recorded using Image] image analysis software.
X-ray photoelectron spectroscopy (XPS) experiments were
performed using a Thermo Fisher ESCALAB Xi+ spectrometer
equipped with a monochromatic Al X-ray source (1486.6 €V)
and a MAGCIS Ar+/Arn+ gas cluster ion sputter gun.
Measurements were performed using the standard magnetic
lens mode and charge compensation. The base pressure in the
analysis chamber during spectral acquisition was at 3 X 107/
mbar. Spectra were collected at a takeoff angle of 90° from the
plane of the surface. The pass energy of the analyzer was set at

150 eV for survey scans with an energy resolution of 1.0 eV;
the total acquisition time was 220 s. Binding energies were
calibrated with respect to C 1s at 284.8 eV. All spectra were
recorded using the Thermo Scientific Avantage software; data
files were translated to VGD format and processed using the
Thermo Avantage package v5.9904. In order to determine the
pore textures within the mask-derived carbon fibers, N,
adsorption and desorption isotherms were determined using
a Micromeritics Tristar II 3020. Specifically, the pore size
distribution of samples was estimated from the adsorption
isotherms using the Barrett—Joyner—Halenda (BJH) model,
whereas the surface area was determined from the typical
Brunauer—Emmett—Teller analysis. Raman spectrum of
carbon was obtained using a Raman spectrometer with a 532
nm laser as the excitation source (from HORIBA XploRA Plus,
Japan). The Joule heating capabilities of the carbonized mask
fibers were determined by connecting the fibers to a DC power
supply (from Dr. Meter) using a glass slide as a support. The
voltage was increased in increments of 1 V, and the
temperature was measured using a thermal camera (from
HTI) until the equilibrium state was reached. Water contact
angle measurements were recorded and analyzed using a
goniometer and Contact Angle software from Ossila. Oil
adsorption studies were performed by submerging carbonized
mask fibers into 20 mL of various organic solvents for at least 5
min and recording the mass adsorbed immediately after
removing from the solvent. To investigate the dye adsorption
performance of the carbonized mask fibers, they were first
activated with KOH at a 1:2 carbon to KOH mass ratio. The
adsorption performance of the activated carbon fibers and
commercially available PAC was determined for a dye, basic
blue 17, at concentrations of 0.07, 0.15, and 0.3 mg/mL. 20 mg
of the respective carbons was added to each solution and
shaken for 48 h. Aliquots were taken at multiple time points,
and the concentration of the dye was measured using a
Genesys 30 visible spectrometer (Thermo Scientific). The
adsorption capacity, q,, of the carbons was calculated using the
following equation

_ (Co — Ce)V

c M
where C, is the initial concentration of the dye, C, is the final

concentration of the dye, V is the volume of the solution, and
M is the mass of the carbon sorbent.

3. RESULTS AND DISCUSSION

Scheme 1A depicts our simple process to convert PP from
surgical masks to carbon fibers through steps of sulfonation
and carbonization. Through heating in a concentrated sulfuric
acid, thermal stabilization of PP occurs, enabling such
commodity plastics to become eflicient carbon precursors.
Subsequently, the stabilized PP is exposed to high temper-
atures (800—1400 °C) under a N, atmosphere for its pyrolysis
to the final carbon product. Key advantages of this method
include its cost-effectiveness and high scalability. Particularly,
both PP and sulfuric acid are inexpensive raw materials, and a
recent review article already suggested the potential cost
benefits of polyolefin-derived carbon fibers compared to those
of their PAN-derived counterparts.’® Throughout this process,
the initial fibril structures of the masks can be completely
retained, resulting in a carbon fiber mat with mechanical
flexibility. It is important to note that several studies suggested
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Scheme 1. (A) Schematic Illustration of Thermal
Stabilization and Carbonization Processes of PP Fibers
from Surgical Masks; (B) Crosslinking Mechanism of PP Is
Initiated through a Sulfonation Step Which Is Followed by
Olefination and Subsequent Addition/Rearrangement; PP
Chains Can Then Crosslink, Followed by Ring Closure and
Degradation of Functional Groups at Elevated
Temperatures

Crossllnkmg Carbonlzatlon
ZSO,, 155 °C, 800 °C

SOHHO;S  SOsH

Sulfonation
”"YYYYY‘“ -
Olefination
SOzH
\ Crosslinking
SOzH HO;S
o X

g Y YT

that a broad temperature range (at least above 120 °C) can be
employed for crosslinking polyolefins, including both PP and
PE. A very recent study from Lee et al. successfully
characterized the sulfonation reaction of PP using combined
techniques of FTIR and solid-state *C nuclear magnetic
resonance spectroscopy.”. The simplified stabilization mech-
anism of this PP crosslinking reaction is shown in Scheme 1B.
To briefly describe the thermal stabilization mechanism, the
initial sulfonation reaction of PP proceeds by reacting with the
secondary/tertiary carbons along the polymer backbone,
followed by the homolytic dissociations of sulfonyl groups,
which results in unsaturated bonds within the polymer chain.
These double bonds from sulfonation can continue to react
through a secondary addition, rearrangement, and dissociation,
leading to the formation of radical species that can directly
couple with other reactive groups from surrounding polymer
chains, effectively producing crosslinked network structures.
These crosslinked polymers can then be converted to
carbons upon pyrolysis, potentially stripping away functional
groups upon exposure to elevated temperatures in inert
atmospheres. In our process, the progress of the sulfonation
reaction was monitored by two different approaches, including
tracking mass gain as a function of sulfonation time, as well as
through FTIR spectroscopy, which are both demonstrated in
Figure 1. At short time scales, the PP mass gain as a function of
time increases rapidly as the sulfonation reaction progresses
(Figure 1A). After 4 b, the mass gain reaches a plateau value of
51%, which remains nearly constant even after extending the
reaction time to 12 h (~52%). FTIR spectra in Figure 1B also
confirm that the sulfonation reaction results in the formation of
double bonds and sulfonic acid groups in PP. Specifically,
pristine PP fibers from masks exhibit peaks indicative of C—H
stretching at 2920 cm™!, which diminishes as the sulfonation/
crosslinking reaction progresses and completely disappears
after 4 h of reaction time. Additionally, the appearance of three
separate peaks can be attributed to the progress of the reaction.
The broad —OH stretching peak at 3300 cm ™' emerges after
30 min, and its peak intensity increases with the increasing
reaction time. Peaks from 1250 to 1000 cm™" are attributed to
the presence of sulfonic acid groups. The addition of alkenes
into the PP backbone is demonstrated by the emerging peaks

(A)

w & o
S © o
.

o
o

Mass Gain (%)
N
o

Absorbance

-
o

(=]

T T T T

T Ll T T
2 4 6 8 10 12 4000 3000 2000 1000
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Figure 1. (A) Mass gain of PP masks as a function of sulfonation
reaction time (at 155 °C). (B) FTIR spectra of sulfonated mask
pieces at various reaction times where peaks at 2920, 1600, and
1250—1000 cm™" are highlighted to monitor reaction progression.

at 1600 cm™. Although the masks do not gain further mass
after 4 h of the reaction time, the FTIR traces suggest that the
reaction continues to progress until 12 h. Compared to
previous reports, the kinetics of the reaction is slightly slower,
where Lee et al. demonstrated that the peak at 2920 cm™
represents that the crosslinkable polyolefin units diminish after
2 h of the reaction time.”” Their work utilized a sulfonation
process at lower temperatures (120 °C) but separated the
waste masks into very small pieces. The smaller mask pieces
likely enhanced reaction rates compared to the system
presented here due to the increased surface area exposed to
the sulfuric acid-crosslinking agent.”

The fiber structures of pristine and sulfonated masks
(including after 2 and 12 h) were investigated using scanning
electron microscopy (SEM). As shown in Figure 2a, the outer
layers of masks were composed of PP fibers with a relative
uniform diameter of 25.7 + 0.7 um. After our sulfonation
reactions, these fibral structures were completely retained. This
result is consistent with previous reports of crosslinking PE
fibers using acids. Notably, even a slightly higher crosslinking
temperature was employed in our systems, which approaches
the onset of melting in the PP fibers (156 °C, Figure S1) but
does not lead to structural collapse. After the reaction for 2 h,
the fiber diameter slightly changes to 21.6 ym and remains
relatively constant after 12 h of sulfonation. Interestingly, our
result varies from a recent work studying a variety of PE-based
fibers under similar chemical treatments, which observed that
all low-density PE fibers exhibited increases in the fiber
diameter at increased reaction times up to 25% of the original
diameter.”” Other works also demonstrate a similar phenom-
enon in PE fibers under proper reaction conditions.”"*> We
attributed this difference to the use of sulfuric acids with
different concentrations, where the diluted ones are known to
be significantly more reactive than their concentrated counter-
parts. Nevertheless, throughout the sulfonation process, the
pre-existed fibrous structures are completely maintained. It is
also found that extending the reaction time to 12 h does not
alter the fiber diameters and yet can result in slight distortion
and curving of the fibers, as shown in Figure 2c. Furthermore,
as shown in the insets of Figure 2, the macroscopic structures
are retained after each processing step. Figure 2a demonstrates
the neat PP mask and its initial macroscopic structure, while
the inset in Figure 2c shows that the shape is maintained
throughout the sulfonation process. We then employed TGA
to determine the char yield of sulfonated masks after two
distinct crosslinking time, 2 and 12 h. For our control sample
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Figure 2. SEM images of fibers within the mask (A) prior to sulfonation and (B) after 2 and (C) 12 h of sulfonation. The average fiber diameter
within the image is included in the bottom left-hand corner of the corresponding SEM image. The inset images show the macroscopic structures of

these masks.
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Figure 3. (A) TGA thermograms of pristine PP and sulfonated PP (from masks) after different crosslinking times where longer reaction times
increase the carbon yield. (B) SEM image of carbonized fibers after 2 h of sulfonation, leading to the decomposition of the unreacted center
portions of the fiber. The inset image depicts a hollow fiber which results from insufficient crosslinking. (C) SEM image of carbonized fibers after
12 h of sulfonation which results in complete crosslinking and continuous fibers. EDX analysis highlighting (D) carbon and (E) sulfur contents in
carbonized mask fibers. (F) XPS spectrum of carbonized fibers after 12 h of sulfonation.

(unsulfonated PP), all organic components are completely
degraded with 0% mass retention after exposure to 800 °C
under N,. For sulfonated PP, it is found that the lower reaction
time leads to a higher mass loss upon carbonization (Figure
3a), which is probably due to the incomplete crosslinking of
PP throughout the entire fiber structure. Specifically, 2 h of
sulfonation results in a carbon yield of 51%, while 12 h of
sulfonation increases the yield to 58%, both derived from the
sulfonate state. As our sulfonation reaction is a diffusion-
limited process, the center part of the fibers could remain
unreacted after a relatively short time, which is susceptible to
decomposition or degradation.

Additionally, for 12 h samples, the TGA thermogram
exhibits no secondary thermal decomposition after 100 °C,
which is present in the 2 h sulfonated sample that has been
attributed to the decomposition of unreacted polymer chains
within the fiber. As shown in Figure 3B, carbon fibers with
hollow structures were observed from samples with only 2 h of
sulfonation. For PP fibers after 12 h of sulfonation, an identical
carbonization condition results in carbon fibers with
completely solid cores (Figure 3C). The sulfonation-cross-
linking step also imparts additional functionality into the
carbon fibers, such as inherent incorporation of sulfur
heteroatoms into the carbon framework. Sulfur doping can
enhance the functionality of associated carbon-based materials
in many applications, including energy storage,43 catalysis,44
and CO, adsorption.* EDS was performed to determine the
elemental composition of the final carbon fiber product. Figure
3D,E depicts the elemental maps that correspond to both
carbon and sulfur produced through EDS. The sulfur-doping

content was found to be 5.6 wt % for carbonized PP masks
with 12 h, and the overlayed elemental map demonstrates that
the heteroatoms are uniformly distributed within the carbon
fibers. The presence of heteroatoms in the carbon framework
of our mask waste-derived carbon fibers was further
investigated using XPS. Figure 3F depicts the survey scan of
carbonized fibers after 12 h of sulfonation, indicating the
presence of carbon (284.09 eV), oxygen (532.20 eV), and
sulfur (163.79 €V) atoms within the carbon framework at 96.7,
2.9, and 0.4 at. %, respectively. This lower doping content from
XPS measurements compared to EDS results suggest that the
fiber surface might have much lower sulfur content than the
inner parts. Additionally, high-resolution XPS scans for each
element can be found in Figure S2, which describe their
chemical environments. Interestingly, the results of the sulfur
high-resolution scans differ from the recent work from Lee et
al. where most of the sulfur content was bonded to oxygen.*”
In this work, the peaks at 163.5 and 164.7 eV suggest that the
sulfur atoms are directly bonded to carbon as part of the
framework rather than being bonded to oxygen which would
be illustrated by the presence of peaks at slightly higher
binding energies. Furthermore, Raman spectroscopy was
employed to characterize the degree of graphitization of
these carbon products. In general, carbon materials with higher
degrees of graphitization can exhibit better electrical and
thermal conductivity through facilitating the electron transport
along the in-plane direction as opposed to the amorphous
carbon counterparts. The ratio of the intensities of the
disordered (at 1370 cm™") and graphitic bands (at 1597 cm™")
is 1.21 (Figure S3). The N, adsorption—desorption behavior of
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the mask-derived carbon fiber was characterized using gas
physisorption measurements, which can determine pore
volume, pore size distribution, and surface area of the carbon
samples. As shown in Figure 4A, our carbon fibers exhibit a
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Figure 4. (A) Nitrogen adsorption—desorption isotherm with the
inset highlighting the hysteresis that occurs at the partial pressure
range from 0.6 to 0.98 and (B) the associated pore size distribution
determined using the BJH method.

typical type-II isotherm, suggesting the presence of both
macropores and mesopores, with a surface area of 295.46 m?/
g. Furthermore, the pore size distribution is relatively uniform
and centered around 12 nm (Figure 4B). We want to note that
the generation of pores occurred during the carbonization
process when portions of the polymer chains are thermally
degraded and gases (CO, CO,, H,O, and SO,) are evolved,
which can potentially react with the carbon framework. From
our control experiments, we found that sulfonated fibers prior
to carbonization possess no micropores (Figure S4).

To further demonstrate the use of these carbon fibers in
practical applications, we investigate their performance for
Joule heating, oil absorption, and water remediation. The
ability of a material to reach elevated temperatures upon the
application of low voltages through Joule heating provides
great potential in several applications, including thermother-
apy,*®" crude oil recovery,"®* and thermochromics.’”*’
Joule heating is a result of electrons colliding with atoms
within a conductor and which generates heat in regions where
current transmits. Equation 1 simplistically depicts the Joule
heating of a current density j in an electrical field E in a
material of electrical conductivity ¢.”>

Q=jE=oE (1)

This relationship demonstrates that the thermal energy
produced from Joule heating is directly dictated by the
conductivity of the material where enhanced conductivity
results in increased output of energy in to the form of Joule
heating. Figure SA shows a simple demonstration confirming
the electrically conductive nature of our carbon fibers, which

can illuminate the light-emitting diode (LED) bulb intensely in
the circuit. In Joule heating experiments, the carbonized mask
fibers were subjected to different voltages and then allowed to
be equilibrated. As shown in Figure 5B, with the application of
increased voltage from 1 to 10 V, the mask-derived carbon
fibers can reach a broad temperature range from 29 °C to
greater than 300 °C with the application of 10 V. The thermal
image in Figure SC further clearly demonstrates that the
temperature of the mask fibers was at ~248 °C (at 9 V). The
Joule heating capability of these mask-derived carbon fibers is
much more robust than that of other carbon products from
waste resources, specifically coal tar which required 60 V to
achieve the maximum temperature demonstrated here.”
Furthermore, the heating happens rapidly due to the high
conductivity of the carbon fibers, equilibrating in a matter of
seconds. After the voltage is removed, heat dissipates quickly,
and the fibers return to room temperature in less than 10 s.
While it may be challenging to directly use these carbonized
masks for making products due to their shape and brittleness,
these results suggest that carbon fibers derived from mask
waste could still be employed as fillers in preparing Joule
heating composites.

The hydrophobicity of carbon materials enables their use for
oil adsorption. The favorable interactions between organic
solvents and hydrophobic carbon drive the adsorption of oils
to the carbon surface. The carbonized mask fibers exhibit high
water contact angles (Figure SSA) but are easily wet by organic
solvents, such as chloroform (Figure SSB). Figure 6A—C
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Figure 6. (A—C) Demonstration of carbon fibers being used to
adsorb oil represented by acetone (red) and chloroform (blue). (D)
Oil uptake capacity of the carbonized mask fibers given as gram of
sorbate per gram of sorbent. (E) Cycling performance of oil
adsorption performed by adsorbing chloroform, heating to remove
the sorbate, and repeating this process for five cycles.
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Figure S. (A) Portion of a mask-derived carbon fiber mat completing a circuit and illuminating an LED light as a demonstration of the conductivity
of the carbon. (B) Temperature of the carbon fiber increases with increasing voltage, achieving greater than 300 °C after the application of 10 V.
(C) Image from the thermal camera demonstrating the excellent Joule heating performance of the carbon fiber mat at 9 V.
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depicts a demonstration of the carbonized mask fibers being
used to absorb organic solvents which act as surrogates for oil-
based pollutants. Acetone (red) and chloroform (blue) are
easily absorbed by simply placing the carbonized fibers into the
solvent droplets. This behavior is consistent for many organic
solvents, as demonstrated in Figure 6D. The carbon mask
fibers exhibit varied adsorption capacities for different organic
solvents, with a maximum amount of up to 14 g of mineral oil
per g of carbon fiber. The difference in the uptake capacity
against different solvents is primarily associated with the
surface energy of carbon surfaces and the interactions between
the surface functional groups and solvent molecules, which has
been commonly observed in various oil sorbent systems.”*>*
Additionally, this performance is highly cyclable, where the
sorbate can be efficiently removed, and the mask can be reused
in further adsorption. This advantageous property is confirmed
in Figure 6E where chloroform has been repeatedly adsorbed
by a carbon fiber mat, recovered, and adsorbed again. We
wanted to note that while the oil adsorption capacities are
much lower than other sorbent technologies such as porous
foams due to their limited porosity,”® conventional methods
for preparing porous sorbents require multiple steps for
functionalization. Alternatively, carbon foam can be derived
from direct pyrolysis of melamine foams; however, this
approaches only produce 2—5% carbon yield,”””® restricting
their scalability. Our materials exhibit carbon yields which are
an order of magnitude higher, through very simple processing,
making them competitive from a scalability-focused perspec-
tive. These performances demonstrate the potential applica-
tions of the hydrophobic carbon fibers to act as an efficient
mechanism in oil sorption and oil/water separation applica-
tions.

Porous carbon sorbents are established technologies for the
removal of pollutants such as small-molecule dyes from water.
Commercially, PAC is broadly employed in the treatment of
wastewater because it is inexpensive to manufacture and widely
available. PAC is typically produced through carbonization of
biomass, containing micropores with a surface area ranging
from 500 to 1500 m*/g. The presence of micropores provides
sorption sites for facilitating the adsorption of pollutants from
water. Herein, we used a KOH-based activation technique
(Figure 7A). Specifically, the carbonized masks were activated
through reacting with KOH to enhance the porosity of the
carbon fibers and increase surface area. From the N, isotherm
in Figure 7B, it is evident by the large increase in the quantity
of N, adsorbed at low relative pressures (p/p,: 0—0.1) that
micropores have been generated in the fibers. The activation
process significantly improves the surface area of these carbon
fibers from 295 to 600 m?/ g. Commercially available PAC has
a very similar isotherm (Figure S6), with a slightly higher
surface area of 712 m*/g. As shown in Figure S7, the grinding
process during blending of the activating agent disrupts the
macroscopic structure of the mask, but the microscopic,
fibrous shape is maintained, albeit at a shorter scale. It was also
found that the oxygen content of carbon fibers increases from
imperceptible amounts to 25.6 wt %, determined by the EDX
measurements. To gauge the performance of the activated
mask in water remediation applications, dye adsorption studies
were performed with a water-soluble dye, basic blue 17, and
compared to the performance of a commercially available PAC.
The adsorption capacities as a function of time in three
different dye concentrations were investigated, which were
0.07 mg/mL (Figure S8A), 0.15 mg/mL (Figure 7C), and 0.30
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Figure 7. (A) Schematic illustration of KOH activation of already
carbonized mask fibers to induce microporosity and increase the
surface area. (B) N, adsorption isotherm of carbonized mask fibers
after the activation process. The isotherm indicates the increased
surface area compared to the neat, carbonized fibers. (C) Dye
adsorption study at a concentration of 0.15 mg/mL investigating the
adsorption capacities as a function of time of activated carbon fibers
compared to PAC.

mg/mL (Figure S8B). Across all of the dye concentrations, the
two sorbents exhibit very similar adsorption capacities after 48
h of exposure to the dye solution. Both PAC and the activated
mask fibers had adsorption capacities of roughly 0.033, 0.09,
and 0.19 mg/mg for the 0.07, 0.15, and 0.30 mg/mL solutions,
respectively. At higher concentrations (0.15 and 0.30 mg/mL),
our activated carbon fibers exhibit much faster adsorption
kinetics than the PAC, as demonstrated in Figure S8. The dye
adsorption kinetics was fit to a pseudo first-order model using
the following equation

kl
2.303

where g, is the amount of dye adsorbed at equilibrium, g, is the
amount of dye adsorbed at time f, and k; is the first-order
equilibrium rate constant. At 0.15 and 0.30 mg/mlL, the rate
constant of the dye adsorption by the activated fibers (0.649
and 0.213 h™', respectively) is significantly higher than the
adsorption by the PAC (0.076 and 0.075 h™', respectively),
which can be attributed to the combined effects of the fibrous
structures of our surgical mask-derived carbons (Figure S9)
and the enhanced surface functionality through KOH
activation. Previous studies suggested that these fiber
structures can improve the contact between sorbent and
sorbates, facilitating the sorption process.’”** Our activated
carbon fibers, with a diameter of approximately of 21 ym, can
provide enhanced contact areas and improved transport and
diffusion of dye molecules as opposed to powder samples with
an average particle size over hundreds of micrometers.
Additionally, the functional groups on material (e.g., polymers,
carbons, and metal oxides) surfaces can also alter their
performance in different applications.””*> In this study, the
oxygen groups introduced through KOH activation can
facilitate the interactions between carbon fibers and basic
blue 17 for improving the sorption kinetics. These results
demonstrate that the activated carbon fibers fabricated from
waste products and scalable production methods are
competitive with current commercially viable materials for
water remediation.

10g(qe - qt) = log q, - t
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4. CONCLUSIONS

As the Covid-19 pandemic continues to spur the production
and consumption of single-use plastics, including PP masks,
efficient methods are required to repurpose materials to
mitigate their negative effects. This work depicts a facile and
scalable approach to thermally stabilize PP masks and convert
them into multifunctional carbon fibers. The thermal
stabilization process imparts additional functionality into the
fibers through sulfur doping the carbon framework and
generating pores upon carbonization. The performance of
the fibers for Joule heating materials, oil adsorption, and dye
removal from aqueous solutions is demonstrated, suggesting
the practical applications of these carbonaceous products
derived from waste materials.
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